During early telencephalic development, the major portion of the ventral telencephalic (subpallial) region becomes subdivided into three regions, the lateral (LGE), medial (MGE), and caudal (CGE) ganglionic eminences. In this study, we systematically recapitulated subpallial patterning in mouse embryonic stem cell (ESC) cultures and investigated temporal and combinatory actions of patterning signals. In serum-free floating culture, the dorsal-ventral specification of ESC-derived telencephalic neuroectoderm is dose-dependently directed by Sonic hedgehog (Shh) signaling. Early Shh treatment, even before the expression onset of Foxg1 (also Bf1; earliest marker of the telencephalic lineage), is critical for efficiently generating LGE progenitors, and continuous Shh signaling until day 9 is necessary to commit these cells to the LGE lineage. When induced under these conditions and purified by fluorescence-activated cell sorter, telencephalic cells efficiently differentiated into Nolz1 ϩ /Ctip2 ϩ LGE neuronal precursors and subsequently, both in culture and after in vivo grafting, into DARPP32 ϩ medium-sized spiny neurons. Purified telencephalic progenitors treated with high doses of the Hedgehog (Hh) agonist SAG (Smoothened agonist) differentiated into MGE-and CGE-like tissues. Interestingly, in addition to strong Hh signaling, the efficient specification of MGE cells requires Fgf8 signaling but is inhibited by treatment with Fgf15/19. In contrast, CGE differentiation is promoted by Fgf15/19 but suppressed by Fgf8, suggesting that specific Fgf signals play different, critical roles in the positional specification of ESC-derived ventral subpallial tissues. We discuss a model of the antagonistic Fgf8 and Fgf15/19 signaling in rostral-caudal subpallial patterning and compare it with the roles of these molecules in cortical patterning.
Introduction
During early mammalian development, the embryonic telencephalon subdivides into the dorsal telencephalon (pallium) and the ventral telencephalon (subpallium). The latter is further specified to form three ganglionic eminences, the septum, and the ventralmost telencephalic stalk regions (e.g., the preoptic and anterior entopeduncular areas) (Marin and Rubenstein, 2002; Flames et al., 2007) . The ganglionic eminences consist of the lateral ganglionic eminence (LGE) (rostral-dorsal in the subpallium), the medial ganglionic eminence (MGE) (rostral-ventral) , and the caudal ganglionic eminence (CGE) (caudal). The LGE and MGE generate the two large nuclei in the telencephalic basal ganglia, the striatum and the globus pallidus, respectively, which play central roles in motor control and coordination via the extrapyramidal system. In addition to contributing to these subpallial structures, a substantial portion of the MGE and CGE derivatives migrate dorsally and give rise to cortical interneurons (Deacon et al., 1994; Olsson et al., 1995 Olsson et al., , 1998 Anderson et al., 1997 Anderson et al., , 2001 Lavdas et al., 1999; Sussel et al., 1999; Wichterle et al., 2001; Nery et al., 2002; Xu et al., 2004; Butt et al., 2005; Wonders and Anderson, 2006; Miyoshi et al., 2007; Flandin et al., 2010) .
Previous studies have demonstrated the importance of patterning signaling via Sonic hedgehog (Shh) in subpallial development (Chiang et al., 1996; Shimamura and Rubenstein, 1997; Fuccillo et al., 2004; Xu et al., 2005 Xu et al., , 2010 . A Shh-null mouse forms morphologically defective ganglionic eminences with severely reduced subpallial markers including Nkx2.1 (Ohkubo et al., 2002) . A conditional loss of Shh from an early stage [approximately embryonic day 8.5 (E8.5)] causes severe defects of all ventral telencephalic tissues (Fuccillo et al., 2004) . In contrast, a conditional Shh knock-out (around E10 -E12) results in only limited defects in ventral telencephalic patterning (Xu et al., 2005) . These findings suggest that Shh signaling during early telencephalic development plays a critical role in subpallial development.
In our previous studies, we showed that embryonic stem cells (ESCs) can be steered to differentiate into telencephalic progenitors when cultured as floating aggregates in a growth factorminimized serum-free medium (serum-free floating culture of embryoid body-like aggregates with quick reaggregation, hereafter SFEBq culture) (Watanabe et al., 2005; Eiraku et al., 2008) . They can form laminar structures similar to the marginal zone, the early cortical-plate zone, the basal-progenitor zone, and the ventricular zone . The directed differentiation of ESC-derived neural progenitors into telencephalic neurons has been also reported using other culture systems, including adhesion culture (Gaspard et al., 2008; Li et al., 2009; Ideguchi et al., 2010) .
Our previous study demonstrated that treating ESC-derived telencephalic cells with Shh promotes subpallial differentiation at the expense of pallial differentiation (Watanabe et al., 2005) . However, the analysis was qualitative and the mode of subpallial commitment, particularly along the time axis, has remained elusive. In this study, we sought to understand the temporal and combinatory regulations by extracellular signals in the regionspecific differentiation of ESC-derived subpallial precursors. We first investigated the stage-dependent action of Shh signaling (see , and then asked what other factors interact or cooperate with Shh to specify cells to particular subpallial subregions in vitro (see Figs. 5, 6 ).
Materials and Methods
Embryonic stem cell culture. Mouse Foxg1::venus ESCs (EB3-derived) were maintained as described previously (Watanabe et al., 2005) . For differentiation, G-MEM medium was supplemented with 10% KnockOut Serum Replacement (KSR) (Invitrogen), 2 mM glutamate, 1 mM pyruvate, 0.1 mM nonessential amino acids, 0.1 mM 2-ME (2-mercaptoethanol), and 200 ng/ml Dkk-1. For SFEBq culture [modified from the study by Eiraku et al. (2008) ], ESCs were dissociated to single cells in 0.25% trypsin-EDTA and quickly reaggregated in the differentiation medium (5000 cells/80 l/well) using 96-well low cell adhesion plates (Lipidure Coat from NOF or PrimeSurface 96U plate from Sumilon). On day 6, cell aggregates were transferred to a 10 cm bacterial-grade dish with N2 medium (DMEM/F12 supplemented with N2). Differentiation day 0 was defined as the day on which ESCs were seeded to differentiate. All recombinant proteins were purchased from R&D Systems. N- [2] [3] [4] butyl]amino]-6-(3,5-dimethoxyphenyl)pyrido [2,3-d] pyrimidin-7-yl]-NЈ-(1,1-dimethylethyl)urea (PD173074) was purchased from Calbiochem.
For cortical-type differentiation, cyclopamine (BIOMOL; 5 M) was added on day 8. For LGE-type differentiation, 10 nM Shh was added on day 3, and again on day 6. For MGE-type differentiation, Shh was added at 10 nM on day 3 and at 30 nM on day 6, or Smoothened agonist (SAG) (Alexis Biochemicals) was added at 3 nM on day 3 and at 10 nM on day 6.
Immunohistochemistry. Immunohistochemistry was performed as described previously (Watanabe et al., 2005) . Foxg1::venus signals were detected using an anti-green fluorescent protein (GFP) antibody (rabbit, 1:500; MBL; rat, 1:500; Nacalai Tesque; chick, 1:500; Aves Labs). Polyclonal antiserum against mouse Nolz1 was obtained by immunizing guinea pigs with the synthetic peptide KDAKSGPLKLSDIGC and used after protein A purification. Other primary antibodies were against Foxg1 (rabbit; 1:5000) (Watanabe et al., 2005) ; Gsh2 (guinea pig, 1:500; rabbit, 1:10,000) (Watanabe et al., 2005) ; Nkx2.1 (rabbit, 1:2000; Biopat; mouse, 1:500; Novocastra); Pax6 (rabbit, 1:500; Covance; mouse, 1:200; Developmental Studies Hybridoma Bank; goat, 1:100; Santa Cruz); Dlx2 (guinea pig, 1:5000; a kind gift from Kazuaki Yoshikawa, Osaka University, Osaka, Japan); GAD67 (mouse, 1:1000; Millipore Bioscience Research Reagents); GAD65/67 (rabbit, 1:50,000; Sigma-Aldrich); Tbr1 (rabbit, 1:1000; Chemicon); Nolz1 (guinea pig; 1:500); Ctip2 (rat, 1:500; Abcam); Foxp1 (rabbit, 1:10,000; Abcam); DARPP32 (rabbit, 1:2000; Santa Cruz; mouse, 1:1000; BD Biosciences Pharmingen); Bassoon (mouse, 1:400; Assay Designs); somatostatin (SOM) (rat, 1:100; Millipore Bioscience Research Reagents); neuropeptide Y (NPY) (rabbit, 1:1000; Immunostar); parvalbumin (PV) (rabbit, 1:5000; Abcam); CoupTFII (mouse, 1:1000; Perseus Proteomics); calbindin (rabbit, 1:500; Millipore Bioscience Research Reagents); CD133 (rat, 1:500; Millipore Bioscience Research Reagents); Ikaros (rabbit, 1:100; Santa Cruz); Ki67 (mouse, 1:200; BD Biosciences Pharmingen); Tuj1 (rabbit, 1:500; Covance); GFAP (rabbit, 1:1000; Millipore Bioscience Research Reagents); Sox1 (rabbit, 1:200; Cell Signaling); phosphohistone H3 (rabbit, 1:200; Millipore); calretinin (CAR) (rabbit, 1:5000; Swant); and GABA (rabbit, 1:5000; Sigma-Aldrich). Images were acquired with a confocal microscope (LSM 710; Zeiss). Quantification was conducted using the vHCS Discovery Toolbox software (Thermo Fisher Scientific). Values shown in graphs represent the mean Ϯ SE. For quantitative analysis, 12-24 aggregates were examined for each experiment, which was repeated at least three times, unless otherwise noted.
Quantitative PCR. Quantitative PCR (qPCR) was performed using the 7500 Fast Real-Time PCR system (Applied Biosciences), and the data were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. The primers used for qPCR were as follows: GAPDH, 5Ј-tgaccacagtccatgccatc and 5Ј-gacggacacattgggggtag; Lhx6, 5Ј-ctacttcagccgatttggaacc and 5Ј-gcaaagcactttctcctcaacg; gli1, 5Ј-ccaagccaactttatgtcaggg and 5Ј-agcccgcttctttgttaatttga; fgf8, 5Ј-gtcctgcctaaagtcacacag and 5Ј-cttccaaaagtatcggtctccac; fgf15, 5Ј-ggcaagatatacgggctgat and 5Ј-tccatttcctccctgaaggt. Values shown in graphs represent the mean Ϯ SE. For quantitative analysis, each experiment was repeated at least three times unless otherwise noted.
Fluorescence-activated cell sorter sorting and reaggregation culture. For fluorescence-activated cell sorter (FACS) analysis, cells were counted with a FACSAria (BD Biosciences), and the data were analyzed with the FACSDiva software (BD Biosciences). Foxg1::venus ESC aggregates were dissociated to single cells using the Neural Tissue Dissociation Kit (Sumilon), and filtered through a Cell Strainer (BD Biosciences), and analyzed at 4°C. Sorted cells were collected in ice-cold DMEM/F12/N2/ 10% FBS and quickly reaggregated in DMEM/F12/N2/2% FBS using 96-well low cell adhesion plates (2 ϫ 10 4 cells/well). One-half of the medium volume was changed every 3 d after sorting.
Dissociation neuronal culture. For dissociation culture, the sorted Foxg1::venus ϩ cell aggregates were dissociated using the Neural Tissue Dissociation Kit (Sumilon) on day 13, and plated onto poly-D-lysinecoated dishes at a density of 1 ϫ 10 5 cells/cm 2 in DMEM/F12/N2/10% FBS. On the next day of plating, the medium was changed to Neuron Culture Medium (Sumilon), which contains rat glial conditioned medium. On day 21, the medium was changed to Neurobasal/B27 supplemented with 20 ng/ml BDNF and 20 ng/ml NT3. Thereafter, one-half of the volume of the medium was changed every 5 d.
Transplantation. To prepare LGE-type Foxg1::venus ϩ cells for transplantation, SFEBq aggregates were treated with 10 nM Shh from days 3-9, sorted on day 9, and treated with 10 nM Shh after sorting. Similar results were obtained by treating the cells with 6 nM Shh during days 3-9, sorting on day 9, and treating with 30 nM Shh after sorting. Reaggregates of sorted Foxg1::venus ϩ cells were cultured for 4 additional days, and dispersed with the Neural Tissue Dissociation Kit (Sumilon). Transplantation was performed by anesthetizing day 2 postnatal ICR mice on ice for 3 min, exposing the skull, and injecting the cell suspension (1-2 ϫ 10 6 cells per 3 l) into the striatum (coordinated 1 mm anterior, 1 mm lateral, and 2.5 mm deep from the bregma) or the cortical plate (2 mm deep). The pups were revived by warming at 36°C and returned to the litter. The animals were cared for in accordance with the Regulations on Animal Experiments of RIKEN. For analysis, host mice were perfused transcardially with 4% paraformaldehyde, and 50 m-thick brain sections were taken for immunostaining.
Brain slice coculture. Coronal sections (250 m thick) of the brains excised from E13.5 mice were prepared using vibratome (ZERO 1; DSK). Foxg1::venus ϩ cell aggregates were cultured under MGE conditions (treated with 3 nM SAG during days 3-6, with 10 nM SAG during days 6 -8, and sorted on day 8). On day 15, Foxg1::venus ϩ reaggregates were isolated into an appropriate size under a fluorescence dissecting microscope, and the cell masses were inserted into the subventricular zone of the forebrain slices, which were cocultured for 3 d on a Transwell culture insert (Corning) containing slice culture medium (DMEM/F12/N2/10% FBS) under a 40% O 2 /5% CO 2 condition.
Results
Selective induction of cortex-, LGE-, and MGE-type differentiation by different levels of Shh signals in SFEBq culture Both the pallium and subpallium of the developing telencephalon (Fig. 1A-D) express the region-specific transcription factor Foxg1 (Fig. 1 A) . The neuroepithelium of the cortex strongly expresses Pax6, whereas that of the subpallium expresses Gsh2 (also called Gsx2) (Stoykova and Gruss, 1994; Hsieh-Li et al., 1995; Toresson et al., 2000; Yun et al., 2001 ) (higher expression in the LGE than in the MGE). In the subpallium, Nkx2.1 is expressed in the MGE and preoptic area, but not in the LGE or CGE ( Fig.  1 B, D) Sussel et al., 1999) . In addition, neurons derived from the pallium or subpallium are distinguished by specific molecular markers. Early-born cortical neurons express Tbr1, whereas Dlx2 is expressed in subpalliumderived neurons (Fig. 1C,D) (Bulfone et al., 1993 (Bulfone et al., , 1995 Porteus et al., 1994; Anderson et al., 1997; Long et al., 2009a,b) . The majority of subpallium-derived neurons are GABAergic and express GAD67, in contrast to pallium-derived neurons, which are mostly glutamatergic (Fig. 1C,D) (Hevner et al., 2001; Gorski et al., 2002; Stühmer et al., 2002) .
We first tested whether the dorsal-ventral specification of telencephalic progenitors could be controlled in an SFEBq culture by regulating Shh dosage, and whether SFEBq culture could generate and maintain neuroepithelial structures from ESC-derived subpallial progenitors, as it does in the case of ESC-derived pallial neuroepithelium.
In the absence of exogenous Shh signals, SFEBq-cultured ESC aggregates differentiate preferentially into cortical progenitors . When Shh signaling was blocked by the Hedgehog (Hh) inhibitor cyclopamine from day 8 onward (condition 1) ( Fig. 1 E-I ), the majority of ESC-derived Foxg1 ϩ telencephalic cells expressed the cortical markers Pax6 or Tbr1 on day 12, whereas few expressed Gsh2, Nkx2.1, Dlx2, or GAD67. However, a moderate dose of Shh (10 nM) (condition 2) ( Fig. 1 J-M ) strongly inhibited differentiation into Pax6 ϩ or Tbr1 ϩ cortical cells, and the ESC-derived Foxg1 ϩ telencephalic cells expressed the subpallial markers Gsh2, Dlx2, or GAD67. Although the MGE marker Nkx2.1 was seen infrequently in cells cultured with a moderate dose of Shh (10 nM), the aggregates treated with a higher concentration (30 nM) contained a substantial number of Nkx2.1 ϩ cells (condition 3) ( Fig. 1 N-Q) . The Hedgehog agonist SAG, which induced the Shh target gene Gli1 at least a few times more potently than recombinant Shh at the same concentrations (supplemental Fig. 1 F, G , available at www.jneurosci.org as supplemental material) (Chen et al., 2002) , also efficiently increased Nkx2.1 expression (supplemental Fig. 1 H-N , available at www. jneurosci.org as supplemental material). The quantitative data for marker expressions, obtained by immunostaining, are shown in Figure 1 R-U. FACS analysis using ESCs with GFP (venus) knocked-in at the Foxg1 locus showed that the percentage of Foxg1::venus ϩ cells was not affected by Shh or cyclopamine treatment (supplemental Fig. 1 A-D , available at www.jneurosci. org as supplemental material).
As in the case of cortical differentiation (Fig. 1G) , Shh-treated aggregates formed neural rosettes, indicating that the neuroepithelial structure was maintained at least to some extent in this culture ( Fig. 1 L, P,Q; supplemental Fig. 1 E, available at www. jneurosci.org as supplemental material). Within the rosettes, mitotically active Gsh2 ϩ progenitors (also Ki67 ϩ ) (data not shown) were inside, and GAD67 ϩ postmitotic neurons surrounded them.
Thus, SFEBq culture is an efficient in vitro culture system for analyzing Shh signaling effects on the subpallial patterning of ESC-derived telencephalic neuroepithelial progenitors.
Temporal window for efficient subpallial differentiation in response to Shh signals
We next investigated the temporal control of subpallial differentiation, starting with the effect of Shh treatment during the early stages of SFEBq culture. SFEBq aggregates were treated with Shh (10 nM) from days 2, 3, 4, 5, or 6 until day 12, and then immunostained using pallial and subpallial markers ( Fig. 2A-E) . When Shh treatment began on day 2, 3, or 4, the pallial markers Pax6 and Tbr1 were strongly suppressed in Foxg1::venus ϩ cells on day 12 ( Fig. 2 B, C, lanes 3-5). When Shh treatment began on day 5, these pallial markers were moderately suppressed (lane 6). However, they were not substantially suppressed when Shh treatment was started on day 6 (lane 7). Thus, pallial differentiation in the SFEBq aggregates was most effectively inhibited when Shh treatment was started during days 2-4.
Conversely, the subpallial markers Gsh2 and Dlx2 were effectively induced when Shh treatment was started on days 3 ( We next examined how many days the cells need to be exposed to Shh signals for efficient induction of subpallial differentiation and suppression of pallial differentiation. To this end, SFEBqcultured ESCs were treated with Shh (10 nM) from day 3 for various periods. Foxg1::venus ϩ cells were then sorted by FACS to remove nontelencephalic cells, which might affect the differentiation results, and subsequently reaggregated and cultured without Shh until day 15. In this assay, a large difference was observed between the groups sorted on day 8 and 9 ( Fig. 2 F-J ), whereas those sorted on and after day 9 behaved similarly (data not shown). When treated with Shh until day 8, the reaggregates contained both Tbr1 ϩ pallial neurons and GAD67 ϩ subpallial GABAergic neurons at similar levels ( Fig. 2G ,H, columns 1 and 2). Cyclopamine treatment after cell sorting and reaggregation increased the percentage of Tbr1 ϩ neurons (column 3), but a substantial number of GAD67 ϩ neurons also remained (column 4). In contrast, when Shh remained in the culture until day 9, the reaggregates mostly had subpallial properties (many more GAD67 ϩ than Tbr1 ϩ cells) ( Fig. 2 I, J, columns 1 and 2); in this case, cyclopamine treatment after cell sorting had only a modest effect on the pallial and subpallial differentiation (columns 3 and 4). Thus, Shh-dependent subpallial specification, which is no longer sensitive to the Shh inhibitor, occurs between days 8 and 9, when cells were grown with Shh during days 3-9 in SFEBq culture.
LGE differentiation in response to Shh signals We next examined the role of Shh signaling in the differentiation of LGE derivatives using the Nolz1 and Ctip2 markers ( S). Nolz1 is specifically expressed in early postmitotic immature striatal neurons, which are major LGE derivatives (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material) (Chang et al., 2004) . Ctip2 also marks these cells (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material) (Leid et al., 2004) , although Ctip2 is expressed in some cortical neurons as well (note that, under the culture conditions used here, the pallial contribution was minor) (Fig. 2 J) . We focused on the effect of Shh during a several-day period after FACS cell sorting and reaggregation (Fig. 2 K) . When Shh was either not added after cell sorting, or was added at a dose of 10 nM, Nolz1 ϩ / Ctip2 ϩ LGE derivatives were frequently observed. However, cyclopamine treatment starting on day 9 inhibited their expression, indicating that low levels of Shh signaling (either endogenous or exogenous) were required for proper LGE neuronal differentiation (Fig. 2 L-N; R, lanes 1-3) . However, high levels of Shh signaling (30 nM) inhibited LGE differentiation (Fig. 2O,R, lane 4) . Furthermore, treatment with the potent Hedgehog agonist SAG at 100 nM also strongly inhibited LGE differentiation ( Fig. 2 P, R, lane 5), but induced the MGEderivative markers SOM and Lhx6 (Lavdas et al., 1999; Du et al., 2008) , instead (Fig. 2Q ,S, lane 5).
Together, these observations show that the differentiation of LGE derivatives (double-positive for Nolz1 and Citp2) from ESCs was preferentially induced when cells were treated with a moderate dose of Shh (10 nM) from day 3, sorted and reaggregated on day 9, and subsequently cultured in the presence of endogenous or exogenous Shh (10 nM).
Efficient in vitro striatal precursor differentiation from ESC-derived FACS-purified Foxg1
؉ progenitors In the embryonic LGE, multiple levels of neuronal differentiation and maturation are identified with molecular markers (Fig. 3A-F ) . At E15.5, Gsh2 is expressed primarily in the apical-most part of the LGE ventricular zone, whereas Dlx2 is expressed both in the ventricular and subventricular zones, and subsets of maturing neurons (Fig. 3 A, B) (Long et al., 2009b) . Nolz1 and Ctip2 are expressed in both the subventricular zone and the maturing neurons of the striatum (Fig. 3 A, C,D) . However, Foxp1 and Ikaros are expressed in the striatum ( Fig. 3E; supplemental Fig. 3A , available at www.jneurosci.org as supplemental material) (Ferland et al., 2003; Agoston et al., 2007; Long et al., 2009b) .
With these facts in mind, we performed a time course analysis of the neuronal differentiation of LGE progenitors generated in SFEBq culture at the medium dose of Shh (10 nM) from days 3-9 ( Fig. 3G-S ). Foxg1::venus ϩ cells were FACS-purified, reaggregated, and further cultured without Shh until day 18. The Nolz1 ϩ /Ctip2 ϩ population increased substantially during days 12-15, but no subsequent increase was seen during days 15-18 ( Fig. 3J-M ) . In contrast, the population of cells positive for Foxp1 ϩ /Ctip2 ϩ , which are more advanced markers of striatal neurons, continued to increase during days 15-18 ( Fig. 3N-Q) . Consistent with this, DARPP32, a marker for medium-sized spiny neurons (main projection neurons of the striatum) (Ouimet et al., 1998) and Ikaros were also detected preferentially on day 18 (Fig. 3 R, S ; supplemental Fig. 3 B, C , available at www. jneurosci.org as supplemental material).
These findings demonstrate that SFEBq-cultured ESCs treated with a properly timed, moderate Shh dose differentiate into LGE derivatives (striatal neurons) after molecularly defined steps consistent with temporal patterns of gene expression in vivo.
ESC-derived striatal precursors mature into medium-sized spiny neurons in vitro and in vivo
We next analyzed the generation of mature striatal neurons in long-term culture (Fig. 4 A-I ). Cultured cells were sorted and reaggregated in medium including Shh (10 nM). On day 13, cells were dissociated and further cultured until day 35 in the presence of rat glial conditioned medium without Shh. Under these conditions, ϳ50% of the ESC-derived Foxg1::venus ϩ telencephalic neurons expressed DARPP32 (Fig. 4 B, D) . In contrast, few DARPP32 ϩ neurons were found when Shh signaling was either blocked (with cyclopamine), or was excessively activated (with SAG), during the postsorting reaggregation culture (Fig. 4 A, D) (consistent with the Nolz1/Ctip2 induction data in Fig. 2 R) . As in the embryonic striatum, the ESC-derived DARPP32 ϩ neurons expressed GAD67 (Fig. 4C,D) , which is consistent with the medium-sized spiny neurons being GABAergic (Mink, 2008) . They also expressed Ctip2 (Fig. 4 E, F ) (79% in DARPP32 ϩ / Foxg1::venus ϩ neurons). Furthermore, like authentic striatal neurons, their dendrites had numerous spines ( Fig. 4G-I ) . Thus, SFEBq culture of ESCs with a moderate Shh dose (LGE differentiation culture), combined with FACS sorting on day 9, is an efficient method for generating precursors for striatal projection neurons.
We next tested whether these ESC-derived precursors would differentiate into striatal neurons in vivo (Fig. 4 J-U ) . After LGE differentiation culture, Foxg1::venus ϩ ESCs were purified by FACS on day 9 and reaggregated in suspension culture in the presence of 10 nM Shh until day 13. The cells were then dissociated and injected into postnatal day 2 (P2) mouse striatum (1-2 ϫ 10 6 cells/injection). Three weeks after the transplantation, Foxg1::venus ϩ neurons were found in the host striatum (the frequency of surviving neurons per injected neurons was 4.7%). Almost all the surviving Foxg1::venus ϩ neurons in the striatum coexpressed DARPP32 (14 experiments) and showed a morphology typical of medium-sized spiny neurons (Fig. 4 K-N ). The Foxg1::venus ϩ neurons did not coexpress the cortical-plate neuron marker Tbr1 or the interneuron markers SOM or PV. In contrast, when injected into the cortex, only 32% of the surviving Foxg1::venus ϩ neurons expressed DARPP32, suggesting that a significant local environmental selection may have contributed to the highly specific integration of ESC-derived DARPP32 ϩ neurons in the striatum. As a negative control, we transplanted Foxg1::venus ϩ cells that have been cultured under cortex differentiation conditions (5 M cyclopamine during days 8 -15) into P2 mouse striatum; in this case, the grafted neurons in the striatum did not express DARPP32 (five experiments), and 93% of the surviving neurons were Tbr1 ϩ (supplemental Fig. 4 A-C, available at www.jneurosci.org as supplemental material). This suggests that the lineage of Foxg1::venus ϩ cells was already mostly restricted before grafting by the differentiation conditions in the SFEBq cultures.
A previous study using human ESCs also reported that ESCderived neural precursors cultured with Shh could produce some striatal neurons when grafted into the quinolinate-lesioned striatum of immunosuppressed rats (Aubry et al., 2008) . However, transplantation of these cells frequently caused large tumors to form. In contrast, we did not observe any tumorigenesis in transplants of ESC-derived striatal neurons (n ϭ 14). As cells were not sorted and purified before being transplanted in the study by Aubry et al. (2008) , we tested whether the FACS sorting and purifying of Foxg1::venus ϩ cells eliminated tumor formation in our case.
We injected ESCs that had been cultured in LGE differentiation conditions, but not sorted by FACS, into the striatum. In this case, tumor-like overgrowths were observed in the host brain (100%; n ϭ 5; 3 weeks after transplantation). These collections of cells contained Sox1 ϩ neural progenitors, Tuj1 ϩ neurons, and GFAP ϩ glia-like cells, but not Oct3/4 ϩ germinal cells (supplemental Fig. 4 D-J, available at www.jneurosci.org as supplemental material). These results suggest that these lesions represented neural overgrowth rather than teratoma. These findings indicate that FACS purification of telencephalic cells is important for the generation of striatal grafts that do not contain poorly differentiated cells capable of forming neurogenic tumors.
We next analyzed the differentiation and integration of ESC-derived striatal neurons. The major projections of striatal medium-sized spiny neurons point toward the globus pallidus and the substantia nigra pars reticulata (Bolam et al., 2000) (these axons can be detected by immunostaining with DARPP32) (Fig. 4 J) . Immunostaining of the host brain showed that Foxg1::venus ϩ axons from transplanted striatal neurons formed fascicles running parallel to the corticofugal fibers in the striatum ( Fig. 4O,P) . These venus ϩ axons ipsilaterally reached the globus pallidus (Fig. 4Q ) (seen as numerous branches), the cerebral peduncle (Fig. 4 R, S) , and the subthalamic/nigral region (Fig. 4T,U ) (data not shown), and thus followed the pathway of the endogenous DARPP32 ϩ striatal axons. No substantial Foxg1::venus ϩ cells or projection was seen entering the cortex or extending outside of the extrapyramidal (striatopallidal/striatonigral) tract.
Together, these findings show that ESC-derived striatal neurons have similar molecular, morphological, and hodological properties with endogenous medium-sized spiny neurons.
FGF signals modulate the fate of SAG-induced ventral subpallial cells
Although a moderate, continuous Shh dose induced LGE differentiation in SFEBq culture, LGE differentiation was inhibited by high Hedgehog signaling levels (100 nM SAG) after FACS sorting, as shown in Figure 2 K-S. The SAG-treated cells, instead, expressed Lhx6, a marker for MGE-derived interneurons.
For a more detailed study of the effect of high Hh signals on the subregional specification of ESC-derived telencephalic cells, SFEBq-cultured ESCs were treated with SAG during days 3-6 (3 nM) and 6 -8 (10 nM), and again on day 8 after FACS sorting (100 nM) (Fig. 5A) . These SAG concentrations during the period before FACS sorting did not inhibit the later telencephalic differentiation of the cells, as measured by Foxg1:: venus expression (supplemental Fig. 1 H-N , available at www. jneurosci.org as supplemental material). The expression of Nkx2.1 was dependent on high-dose SAG treatment during days 8 -12, and few Nkx2.1 ϩ cells were observed in the absence of SAG (Fig. 5B-D) . Reaggregates treated with high-dose SAG contained a number of SOM ϩ /GAD67 ϩ neurons, reminiscent of subpallium-derived interneurons in vivo (Fig. 5E) .
We therefore investigated the ability of the cells to migrate in a coculture assay with embryonic (E13.5) forebrain slices. The reaggregates were cultured in the presence of 100 nM SAG until day 15, and placed en bloc on the forebrain slice at the subventricular zone near the interganglionic sulcus (Fig. 5F-K ) . Three days later, Foxg1::venus ϩ cells were seen migrating out of the reaggregate through the LGE and into the cortex (Fig. 5G,I-K ) . Some cells were even found in the dorsal neocortex (Fig. 5K ) , indicating that ESC-derived neurons induced by high SAG had strong migratory ability, as is also true for MGE/CGE-derived cortical interneurons (Anderson et al., 1997 (Anderson et al., , 2001 Wichterle et al., 1999; Yozu et al., 2005) . In contrast, when reaggregates were cultured in the absence of Hh signaling after sorting and were placed on the same position of the forebrain slice, the Foxg1::venus ϩ cells rarely migrated into the cortex (Fig. 5H ), indicating that their ability to migrate was affected by Hh signaling after sorting.
A dissociation culture of the SAG-treated reaggregates produced almost exclusively GAD67 ϩ GABAergic neurons ( Fig.  5L ) (data not shown), including those expressing the cortical interneuron markers SOM, NPY, and PV ( Fig. 5L-N ) . This expression profile was dependent on SAG treatment after sorting (Fig. 5O) .
We next analyzed the subregional nature of cells in the SAG-treated reaggregates. Cortical interneurons originate in both the MGE and the CGE; these two ganglionic eminences are demarcated by molecular markers. For instance, Nkx2.1 is expressed in the MGE (Fig. 6 A, B) (MGE-derived cortical interneurons extinguish Nkx2.1 expression as they differentiate and migrate). However, Nkx2.1 is not expressed in the CGE at all (Fig. 6 A, C) . In contrast, the CGE, but not the MGE, strongly expresses CoupTFII (Fig. 6 A-D) (in the subpallium, CoupTFII is more preferentially expressed in the caudal domain than CoupTFI, which is expressed also in part of the LGE and the MGE) (Tripodi et al., 2004; Kanatani et al., 2008; Long et al., 2009a) . The SAG-treated reaggregates contained a substantial number of Nkx2.1 ϩ cells and CoupTFII ϩ cells (Fig.  6 E, F ) , with a minor double-positive population, suggesting that both MGE-and CGE-type cells were present in these reaggregates.
We next attempted to generate a larger percentage of MGEtype cells. In the embryonic subpallium, the MGE is located rostral to the CGE along the neural axis. Previous studies have shown that the rostral-caudal regional specification of the pallium is regulated by Fgf signals. Loss-and gain-of-function analyses have demonstrated that Fgf8, which is strongly expressed in the commissural plate (located at the rostral end of telencephalon), promotes rostral specification of the cortex. ES cell aggregates were treated with 10 nM Shh during days 3-9, sorted and reaggregated on day 9, and cultured without Shh after sorting. Foxg1::venus ϩ cell aggregates were fixed on day 12 (G, J, N), day 15 (H, K, O, R) , and day 18 (I, L, P, S). Sections were immunostained with GAD67 (G-I), Nolz1/Ctip2 (J-L), Foxp1/Ctip2 (N-P), or DARPP32/Ctip2 (R, S). (Figure legend continues.) attenuating the Fgf8 signaling shifts these boundaries rostrally (Fukuchi-Shimogori and Grove, 2001) . Consistent with this, our previous in vitro ESC study showed that SFEBq-induced pallial neural tissues are directed to acquire a rostral identity in the presence of Fgf8 signaling and a caudal identity in its absence . In addition, a previous genetic study (Storm et al., 2006) demonstrated that MGE expression of Nkx2.1 is severely reduced in the Fgf8 mutant mice. Based on these previous findings, here we tested whether we could coax SAG-treated reaggregates to differentiate preferentially into Nkx2.1 ϩ MGE cells by manipulating Fgf8 signals after sorting (Fig. 6 E-J ) .
When SAG-treated reaggregates were cultured in the presence of Fgf8 during days 8 -12, the percentage of Nkx2.1 ϩ cells substantially increased, whereas that of CoupTFII ϩ cells decreased moderately (Fig. 6G) , resulting in a high ratio of Nkx2.1 ϩ to CoupTFII ϩ cells in the Fgf8-treated cultures (Fig. 6 I, lane 3) . Conversely, when Fgf signaling was blocked by the FgfR3c receptobody, which binds Fgf8b with high affinity (MacArthur et al., 1995) , or by the FgfR inhibitor PD173074 (Skaper et al., 2000) , the CoupTFII ϩ population predominated over the Nkx2.1 ϩ population ( Fig. 6 I, lanes 4, 5) . The total GABAergic neuronal differentiation, however, was not substantially affected by these Fgf inhibitors (supplemental Fig. 5B , available at www.jneurosci. org as supplemental material). Furthermore, the MGE-derivative marker Lhx6 was increased by Fgf8 treatment and reduced by the inhibition of Fgf signals (Fig. 6 J, lanes 3-5) . These findings indicate that the specification of MGE-type Nkx2.1 ϩ cells, which are located in the ventral and rostral subpallium in vivo, is dependent on Fgf8-or Fgf-related signals in SFEBq culture in the presence of high Hh signaling.
A recent genetic study provided evidence that Fgf8 and Fgf15/19 (which are homologs in mouse and human) have opposite roles in the rostral-caudal patterning of the mouse pallium (Borello et al., 2008) . Fgf8 represses the expression of the caudal cortical marker CoupTFI, whereas Fgf15 promotes its expression. We therefore examined the effect of the Fgf15/19 signals on SAG-treated reaggregates. Interestingly, in contrast to Fgf8 treatment, treatment with Fgf15/19 promoted CoupTFII expression at the expense of Nkx2.1 expression (Fig. 6 H, I , lane 6), whereas the Fgf15/19 treatment did not affect total GABAergic neuronal differentiation (supplemental Fig. 5 A, B , available at www.jneurosci.org as supplemental material). In addition, unlike Fgf8, Fgf15/19 inhibited the expression of Lhx6, a gene marker for MGE-derived neurons (Fig. 6 J, lane 6) . When SAGtreated reaggregates were exposed simultaneously to both Fgf8 and Fgf15/19, Nkx2.1 was strongly induced and at the expense of CoupTFII, much as in cultures treated with Fgf8 alone (Fig. 6 I,  lane 7) .
We next examined whether the Fgf15/19 treatment affected the migratory ability of the cells in a coculture assay similar to that shown in Figure 5F -K. A Foxg1::venus ϩ reaggregate treated with SAG and Fgf15/19 after sorting (CGE induction conditions) was placed on the forebrain slice at the subventricular zone of the CGE. In those conditions, Foxg1::venus ϩ cells actively migrated out of the reaggregate toward the cortex (Fig. 6 K) . Similarly to the cells treated with SAG alone (Fig. 5G ), some Foxg1::venus ϩ cells cultured in the CGE induction conditions reached the marginal zone of the dorsal neocortex (Fig. 6 L, M ) where immature migrating interneurons are often observed in neonatal mice (Anderson et al., 1997) . In addition, we observed that some of the migratory Foxg1::venus ϩ cells coexpressed calbindin, a marker expressed in some of the migrating CGE-derived interneurons in vivo (Fig. 6 N) (Kanatani et al., 2008) . A similar efficient migration was observed when a reaggregate treated with SAG and Fgf8 (MGE induction conditions) was placed on the MGE region of the forebrain slice (data not shown).
Several in vivo studies showed that a majority of MGE-derived cortical interneurons are positive for SOM or PV, whereas the CGE-derived cortical interneurons preferentially express CAR and/or vasointestinal peptide (VIP) (Xu et al., 2004; Butt et al., 2005; Wonders and Anderson, 2006) . We next analyzed whether Fgf8 or Fgf15/19 treatment altered the expression profile of interneuron subtype markers (Fig. 6O-Q) . In dissociation culture, Foxg1::venus ϩ cells cultured in the MGE induction conditions displayed a similar expression profile to those treated with SAG alone (Fig. 6Q , blue columns; compare with Fig. 5O , red columns). In contrast, the CGE induction conditions increased CAR ϩ cells and decreased SOM ϩ , NPY ϩ , and PV ϩ cells (Fig.  6O-Q) , a tendency consistent with the in vivo observation. VIP ϩ cells were not observed in the ESC-derived subpallial cells cultured under any conditions tested in this study, suggesting that environmental factors are required to induce their differentiation. These results indicate that distinct Fgf signals also have differential effects on the interneuron subtype specification.
Together, these findings demonstrate that the subregional specification of ESC-derived subpallial tissues can be controlled in a temporally restricted manner by two separate signaling systems in vitro: graded Hh signaling and antagonistic Fgf8 versus Fgf15/19 signaling.
Discussion
Temporal control and flexibility of the subregional fate specification of ESC-derived telencephalic tissues ESC-derived telencephalic progenitors in SFEBq culture differentially generated neural cells expressing pallial, dorsal and ventral subpallial markers with Shh treatment in a dose-dependent manner (Fig. 1) . Interestingly, efficient induction of subpallial differentiation at the cost of pallial differentiation was critically dependent on the timing of exposure to Shh signaling: Shh exposure starting at an early phase of SFEBq culture (e.g., day 3) induced efficient subpallial differentiation, whereas late exposure (Shh treatment starting on days 5 or 6) failed to suppress pallial differentiation (Fig. 2 A-E) . This temporal dependence suggests that Shh signals contribute to the formation of a prepattern in early neuroectodermal progenitors with a ventrally directed bias (subpallial direction) even before the general telencephalic marker Foxg1 is first detected on day 6. This idea is consistent with a previous in vivo study using constitutively active Smo (Smoothened)-expressing virus (Rallu et al., 2002a) and also consistent with the early specification study of the chick subpallium (Gunhaga et al., 2000) .
However, the detailed mode and timing of the action of Shh for subpallial specification in vivo has remained mostly elusive (Kohtz et al., 1998; Rallu et al., 2002b; Fuccillo et al., 2006; Lupo et al., 2006; Hébert and Fishell, 2008; Xu et al., 2010) . In our study, exogenous Shh signals (starting on day 3) needed to be present continuously until day 9 to selectively commit ESCderived telencephalic progenitors to a subpallial fate (Fig. 2 I, J ) . When treated with Shh only during days 3-8, a substantial portion of SFEBq-induced telencephalic cells still differentiated into a pallial fate after FACS purification (Fig. 2G,H ) . The relationship between the duration and strength of Shh signaling for in vitro subpallial differentiation is somewhat complicated. For instance, SFEBq-induced telencephalic cells cultured without a Hh agonist or antagonist (meaning that they were only exposed to low endogenous Hh signaling) during days 3-9 could be partially steered to differentiate into subpallial (GABAergic) neurons when they were treated with 100 nM SAG after FACS sorting (supplemental Fig. 2C ,D, condition 2, available at www.jneurosci.org as supplemental material). Interestingly, when the endogenous Shh signaling was actively blocked by cyclopamine only for 1 d (during days 8 -9), they did not substantially differentiate into GABAergic neurons, even in the presence of high-dose SAG in subsequent culture (supplemental Fig. 2C ,D, condition 4, available at www.jneurosci.org as supplemental material). In this study, the Shh agonist, SAG, which is much less expensive than recombinant Shh proteins, worked reproducibly and robustly to control region-specific differentiation without any obvious cell toxicity or adverse effects, even at a high concentration (100 nM). We previously reported that purmorphamine (which targets the Hh receptor Smoothened) effectively ventralizes diencephalic progenitors in a modified SFEBq culture . However, unlike Shh treatment, purmorphamine reduces SFEBq aggregate size, suggesting a negative side effect on cell proliferation.
Role of FGF signaling in the subregional specification of telencephalic progenitors
The region of CGE is a distinct tissue, containing progenitors that contribute to both cortical and subcortical telencephalic neurons (Nery et al., 2002) , whereas its specification has mostly remained elusive. Our present study offers some hints regarding the mechanism for CGE specification. Two distinct Fgf signals have differential effects on the Nkx2.1 and CoupTFII induction in ESC-derived, SAG-treated subpallial cells. Fgf8 treatment increased the percentage of Nkx2.1 ϩ cells at the cost of CoupTFII ϩ cells, whereas Fgf15/19 treatment had the opposite effect. These findings have some parallels with the previous reports on the roles of these Fgfs in pallial patterning along the rostral-caudal axis (Borello et al., 2008) . They showed that, in the embryonic pallium, Fgf8 inhibits expression of the caudal cortical marker CoupTFI, whereas Fgf15/19 promotes it. Since the Nkx2.1 ϩ MGE domain is located rostral to the CoupTFII ϩ CGE domain in the embryonic subpallium, it appears that the antagonistic signal set of Fgf8 and Fgf15/19 is capable of controlling the rostralcaudal specification in both pallial and subpallial tissues. Furthermore, Fgf15, unlike Fgf8, is expressed in the CGE, where it could promote CGE development [additional files 1 and 2 in the study by Borello et al. (2008) ].
Why, then, did the SAG-treated ESC-derived telencephalic cells differentiate into CGE tissues in the absence of exogenous Fgf signals (Fig. 6 F, I, lane 2) ? Interestingly, our preliminary qPCR analysis showed that strong Hh signaling (Ͼ100 nM SAG) in the ESC-derived neural precursors tended to increase endogenous Fgf15, whereas the expression of endogenous Fgf8 was suppressed (supplemental Fig. 5D -F, available at www.jneurosci.org as supplemental material). Thus, high Hh signaling not only causes strong ventralization in the SFEBq-cultured telencephalic cells but also creates a relative Fgf15-high/Fgf8-low bias in culture (illustrated in supplemental Fig. 5J , available at www.jneurosci. org as supplemental material). This idea agrees with the observation that the added exogenous Fgf8 was necessary for the efficient rostral-ventral differentiation marked by Nkx2.1. The positive regulation of Fgf15 expression by Shh has been also reported in the previous in vivo mouse studies of the forebrain and midbrain development (Ishibashi and McMahon, 2002; Borello et al., 2008) .
At the transcriptional control level, no strong mutual interactions between Fgf8 and Fgf15 expression were observed in SFEBq culture. Fgf15/19 treatment did not alter the expression of Fgf8 (supplemental Fig. 5G,I , available at www.jneurosci.org as supplemental material). In addition, although FgfR3c-Fc treatment, which sequesters Fgf8-related signals, produced a slight increase in Fgf15 expression, Fgf8 treatment itself did not suppress Fgf15 expression (supplemental Fig. 5G ,H, available at www.jneurosci. org as supplemental material). This raises the question of how Fgf8 and Fgf15/19 signals exert distinct outcomes in the subpallial differentiation from ESC-derived progenitors, even though both belong to the Fgf family. A structural comparison indicates that Fgf8 forms a subfamily with Fgf17 and Fgf18, whereas Fgf15/19 belongs to a separate subfamily that includes Fgf21 and Fgf23 (Itoh and Ornitz, 2004; Mason, 2007) . In receptor-ligand binding (Ornitz et al., 1996; Zhang et al., 2006; Mason, 2007) , Fgf8 shows a particularly high binding affinity for FGFR3c, whereas Fgf15/19 has a high affinity for FGFR2c and FGFR4. In addition to the differential effects on Nkx2.1/CoupTFII expression, Fgf8 caused a moderate increase in the pH3 ϩ percentage (mitotic index) within the SAG-treated telencephalic cells, whereas Fgf15/19 did not (supplemental Fig. 5C , available at www. jneurosci.org as supplemental material). Borello et al. (2008) also showed the Fgf8 and Fgf15 elicited distinct kinetics of ERK (extracellular signal-regulated kinase) and S6 phosphorylation. In the current study, when Fgf8 and Fgf15/19 were added together to culture, the Fgf8 phenotype dominated over the Fgf15/19-induced phenotype. Therefore, one possibility is that Fgf8 can activate a pathway in addition to the ones activated in common by Fgf8 and Fgf15/19. Another unanswered question is whether the Fgf8 and Fgf15/19 signals also play distinct roles in vivo in the specification of the Nkx2.1 ϩ MGE domain. The in vivo expression domains of Fgf8 and Fgf15 in the rostral forebrain are mostly complementary (Borello et al., 2008) : at E9.5, Fgf15 is expressed in the anterior forebrain neuroepithelium, but is excluded from the anterior end (commissural plate), where Fgf8 is expressed. At E12.5, unlike Fgf8, Fgf15 is strongly expressed in the CGE and the preoptic area (weak expression is seen also in the pallial-subpallial boundary and the interganglionic sulcus). However, since genetic alteration of Fgf8 signaling in the mouse forebrain strongly affects the dorsal-ventral pattern of the telencephalon in addition to the impairing the rostral-caudal cortical pattern (Garel et al., 2003; Storm et al., 2006) , this question is a rather complicated one requiring careful systematic analyses. Combination of SFEBq culture with FACS purification enables striatal neuronal grafting without forming tumors Tumor formation is a large problem in transplanting ESC-derived neurons. The tumorigenesis associated with pluripotent cell applications falls into two categories: teratoma and nonteratoma (tissue typespecific) tumor formation. The latter can be caused by the contamination of lineagerestricted but immature stem cells.
In a previous report of striatal transplantation using Shh-treated human ESCs, nonteratoma tumors consisting of various neural-lineage cells were shown to form frequently. In contrast, tumor formation was not observed in our striatal transplantation of the FACS-sorted SFEBq cells, whereas tumors did form when FACS cell sorting was not performed ( Fig. 4J-U; supplemental Fig. 4D -J, available at www.jneurosci.org as supplemental material).
In addition to successful striatal grafting, our preliminary transplantation study showed that interneurons generated from the SAG-treated (and SAG/Fgf8-treated) SFEBq cells integrated into the neocortex and occasionally expressed the interneuron markers SOM, NPY, PV, and CAR (supplemental Figs. 6, 7, available at www.jneurosci.org as supplemental material). As in the case of striatal grafting, the FACS-purified telencephalic (MGE/CGE) cells did not form tumors. The advantage of the intermediate FACS purification is also supported by a recent report (Maroof et al., 2010) in which ESC-derived interneurons puri- fied with Lhx6::GFP labeling integrated into the cortical tissue without forming tumors.
Medium-sized spiny neurons are the main projection neurons that specifically degenerate in the early phase of Huntington's disease (Reiner et al., 1988) . In addition, recent studies have shown that MGE-derived interneurons have suppressive effects on genetic epilepsy in mice (Alvarez-Dolado et al., 2006; Baraban et al., 2009 ). The nontumorigenic nature of the purified LGE/ MGE derivatives generated in vitro from pluripotent cells, shown in this and other studies, should be advantageous for future medical applications.
